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MACH 2.5 PERFORMANCE OF A BICONE INLET WITH INTERNAL FOCUSED 
COMPRESS ION AND 40-PERCENT INTERNAL CONTRACTION 
by Joseph F. Wasserbauer and David A. Choby 
Lewis Research Center 
SUMMARY 
An investigation was conducted to determine the performance characteristics of an 
axisymmetric, bicone, mixed-compression inlet system designed for Mach 2.5 opera- 
tion. Forty percent of the supersonic a rea  contraction occurred internally, which is the 
minimum amount consistent with high total-pressure recovery and low cowl drag. The 
internal compression from the cowl surface was focused on the centerbody shoulder. 
Porous bleed regions were located on the cowl and a bleed slot was located on the center- 
body shoulder. The study was conducted at Mach 2.5 and a t  a Reynolds number of 
2. 5X106 per foot (8. 2X106/m). 
and a steady-state distortion of 0.185 when the supercritical bleed flow was 0.032. 
Addition of vortex generators to the centerbody decreased distortion to 0.135. For 
supercritical operation, maximum angle of attack before an inlet unstart was 8.5'. For 
critical operation it decreased to 4.8'. 
With a bypass system in operation the critical pressure recovery increased to 0.903 
and the steady-state distortion dropped to 0.10. 
The dynamic distortion level was 0.02 at critical operation. A reduction of cowl 
bleed was made to decrease the supercritical bleed flow to 0.025. With the addition of 
vortex generators on the cowl and centerbody a critical pressure recovery of 0.885 was 
attained with a steady-state distortion level of only 0.045. 
Without a bypass system the inlet provided a critical pressure recovery of 0.880 
INTR OD U CT I ON 
Supersonic inlets should be able to operate efficiently with low drag over the entire 
flight range of the airplane. For flight speeds above Mach 2.0, mixed-compression 
inlets offer this capability. Typical mixed-compression inlets designed for operation 
above Mach 2 . 0  a r e  described in references 1 to 4. The inlets of references 1 to 3 a r e  
axisymmetric, single- cone inlets which require either collapsing or translating center- 
bodies to vary the contraction ratio. The inlet of reference 4 is two dimensional and its 
contraction ratio is varied by movable ramp surfaces. 
The design philosophy for the axisymmetric, mixed-compression inlet of this inves- 
tigation was to use a two-cone spike to provide the maximum external compression com- 
patible with high total-pressure recovery and low cowl drag. To vary contraction ratio 
the second cone would be collapsed, and at its lowest position it would blend into the 
first-cone contours s o  as to provide a single-cone centerbody. This approach avoids 
the sharp curves that normally result when a single-cone surface is collapsed. This 
philosophy provided 40 percent of the supersonic area contraction internally for a design 
Mach number of 2 .5 .  This inlet was designed such that the isentropic compression fan 
from the cowl and the cowl-lip oblique shock were focused on the centerbody at one 
point. This compression was cancelled at the centerbody with an abrupt turn, in the 
manner described in reference 5. The present investigation evaluates inlet performance 
using several bleed locations and bleed flow rates.  Flow surveys were made just down- 
stream of the throat region, midway in the subsonic diffuser, and at the diffuser exit to 
evaluate local flow conditions. 
The test was conducted in the Lewis 10- by 10-Foot Supersonic Wind Tunnel at 
Mach 2 . 5  and a Reynolds number of 2.5X10 per foot (8.2X10 /m). In addition to the 
flow surveys, measurements were made of the inlet and bleed flow rates,  total-pressure 
recovery, and engine-face distortion. The maximum angle of attack before an inlet un- 
start was determined for  critical and supercritical inlet operation. The effect of an 
overboard bypass system was also evaluated. 
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annulus height at local diffuser station, f t ;  m 
distance from centerbody surface, f t ;  m 
Mach number 
mass-flow ratio 
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2 static pressure, lb/ft2; N/m 
inlet capture radius, 9.312 in. ; 0.2365 m 
radius, f t ;  m 
centerbody bleed slot height, ft; m 
total temperature, OR; K 
weight flow rate,  lb/sec; kg/sec 
engine-corrected airflow, lb/sec; kg/sec 
angle of attack, deg 
T/519’ R; T/288.2 K 
cowl-lip-position parameter, tan” [l/(x/R] 
P/2116 lb/ft2; P/(1O.13x1O4 N/m2) 
total rake position, deg 
Subscripts : 
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bl 
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max 
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rms  
S 
t 
X 
0 
5 
average 
bleed 
bypass 
centerbody bleed slot lip 
maximum 
minimum 
root - m ean- square value 
spike centerbody 
throat 
local 
free stream 
diffuser exit station 
APPARATUS AND PROCEDURE 
To simplify the mechanical design of the test  inlet, the contraction ratio was varied 
with centerbody translation rather than by collapsing the second cone. At the design 
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Mach number of 2.5, 60 percent of the supersonic flow area contraction was external 
and 40 percent was internal. The inlet was attached to a cylindrical nacelle 25 inches 
(0.635 m) in diameter in which a 585-13 engine or a coldpipe choked-exit plug assembly 
could be installed. For this study, only the coldpipe was used. Figure l(a) shows the 
inlet-nacelle combination mounted from a vertical strut  in the wind tunnel test section. 
Figure 1 (b) is an isometric view of the inlet. 
At the design Mach number of 2.50 and a free-stream temperature of 702' R 
(390 K), the inlet was sized to match J85-13-engine-corrected airflow requirements of 
34.89 pounds per second (15.83 kg/sec) with 88.6 percent of the capture mass flow at a 
total-pressure recovery of 0.90. This required an inlet capture area of 1.893 square 
feet (0.1758 m ). Of the remaining inlet flow, 6 to 7 percent was allotted for perform- 
ance bleed; 4 percent for engine cooling air; and the r e s t  for overboard bypass flow, 
which was varied for terminal shock position control. Total-pressure distortion at the 
engine face of 0.10 or  less was desired at the design conditions. 
The essential features of the inlet were a bicone centerbody of 10' and 18.5' half- 
angle cones, and an initial internal cowl angle of 5' (fig. 1 (c)). 
shock eminating from the cowl lip wits cancelled at the centerbody impingement point. 
The remaining compression of the flow to a throat Mach number of 1.3 was isentropic. 
The oblique shock from the cowl lip and the isentropic compression fan from the cowl 
were focused at one point on the centerbody. 
The supersonic portion of the inlet was designed with the aid of a preliminary com- 
puter program that employed the method of characteristics. However, a routine in this 
preliminary program, which was used to determine the second-cone shock position, did 
not converge properly. This predicted a shock position that was too far upstream and 
that resulted in a slightly imperfect inlet design. All experimental results for this re- 
port were obtained with this inlet. Subsequently, the improved characteristic program 
of reference 5 became available. The solution for the desired diffuser contours and 
flow properties using the program of reference 5 a r e  shown in figure 2. This program 
was also used to recompute the flow field of the original design, and the displacement 
of the second shock is apparent in figure 3. For the design et of the original inlet, 
25.28', the second-cone shock was to intersect the cowl lip but instead (as shown in 
fig. '3(a)) fell inside the cowl lip. Because of this e r r o r  the oblique shock from the cowl 
lip interferes with the focused isentropic compression near the centerbody focal point. 
A dtronger shock loss results from this focal point interference, which thereby lowers 
the pressure recovery near the spike surface. The oblique-shock-impingement and 
focused-compression point falls downstream of the centerbody slot lip, and the expan- 
sion of the flow that results from this slot will  move the compression fan focal point even 
further downstream. Therefore, the shock cancellation criterion at the centerbody was 
not met. 
' 
2 
The internal oblique 
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In figure 3 (b) the centerbody is translated to a 8 
second oblique shock would intersect the cowl lip. This translation of the centerbody 
corrects the interference of the oblique shock with the isentropic compression, but the 
compression-fan focal point still lies slightly rearward of the centerbody bleed lip. The 
data throughout the report reflect this result. Jf the compression fan were distributed 
on the centerbody over a short distance downstream of the cowl shock intersection point, 
the inlet would be less sensitive to e r r o r s  of this type than it is when the focused- 
compression technique is employed. The coordinates of the actual centerbody and cowl 
a r e  listed in table I. 
The subsonic diffuser consisted of an initial throat region four hydraulic radii in 
length with a 1' equivalent conical expansion followed by the main diffuser. The diffus- 
er just downstream of the throat was mated to an existing subsonic diffuser described in 
references 2 and 3. Since the throat of the present inlet had a larger radius than the 
throat of the reference 2 inlet, a relatively sharp curve in the cowl contour occurred at 
the diffuser mating location. The overall design length from cone tip to compressor 
face was 7.26 cowl-lip radii. Figure 4(a) shows the internal area distribution through 
the inlet for a cowl-lip-position parameter of 25'. Provisions were included for instal- 
ling vortex generators on the cowl and the centerbody aft of the throat region at an x/R 
of 3.66. Details of the vortex generator design are shown in figure 4(b). Inlet configu- 
rations using vortex generators a r e  identified herein as shown in the figure. 
s t ruts  which divided the duct into three compartments back to the engine face. The inlet 
diffuser also included two bypass systems: a high-response overboard system for shock 
position control, and a low-speed valve to control secondary flow through the nacelle for 
engine cooling. Both systems were sealed for the bleed study and opened for the over- 
all performance study presented in this report. The duct entrance into the bypass ple- 
num was modified to minimize resonance by the installation of louvered segments, as 
discussed in reference 6. 
To minimize the shock boundary layer interaction in the throat region, a porous 
bleed region was designed into the cowl and a flush slot was located ahead of the center- 
body break. The porous bleed on the cowl consisted of nine rows of 0.125-inch 
(0.3175 cm) diameter holes equally spaced per row. The rows were alternately s h g -  
gered to obtain maximum area coverage. The cowl bleed pattern is shown in figure 5 (a) 
and the centerbody bleed slot is described in figure 5(b). From the cowl hole pattern 
it can be seen that two full rows of holes are required to bleed the full cowl perimeter 
without leaving gaps. The porous bleed pattern could be varied by filling selected holes. 
The four bleed patterns considered in this study a re  shown in figures 5 (a) and (b). The 
first configuration, M-1, provided for large amounts of bleed flow on the centerbody 
and on the cowl, forward and aft of the geometric throat. For configuration M-2, the 
position of 24.85' so that the 
' 
The aft portion of the subsonic diffuser contained three hollow centerbody support 
$ 
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porous bleed area on the cowl was reduced by one-half with about 30-percent area re-  
duction on the centerbody. The M-3CB configuration maintained the same bleed area on 
the cowl and centerbody as configuration M-2, but the forward cowl bleed pattern was 
moved two rows aft. Vortex generators were installed on the centerbody of configura- 
tion M-3CB. For configuration M-4 and M-4CCB the aft bleed of configuration M-3CB 
was sealed. Configuration M-4 had no vortex generators and configuration M-4CCB had 
vortex generators installed on both the centerbody and cowl. The flush slot bleed on the 
centerbody was located ahead of the cowl shock, as in reference 7 .  Two flush slot con- 
figurations were studied and are  defined in figure 5(b). 
The cowl bleed flow was discharged overboard through an exit shown in figure 6(a). 
The exit has a 20' discharge angle relative to the external surface. The centerbody 
bleed flows into one plenum and is then ducted through the hollow centerbody support 
struts to 30' louvered exits. All exit areas were sized large enough to ensure choking 
of the bleed holes. 
Boundary layer properties were investigated on the cowl and centerbody by total- 
pressure-tube rakes at the throat (station 2, fig. 6(a)). Rakes in the subsonic diffuser 
aft of the throat region (station 3), at the subsonic diffuser midpoint (station 4) and at the 
diffuser exit (station 5) were used to determine local flow profiles. The rakes were 
circumferentially indexed to avoid mutual interference effects. Details of the total- 
pressure rakes a r e  shown in figure 6(b). 
Figure 6 (c) shows the compressor-face, steady-state pressure instrumentation 
(station 5). The overall diffuser-exit, total-pressure recovery was determined from 
rakes 1 to 6, which were area weighted. The additional measurement by rake 7 was 
included in the distortion calculations and in the duct local flow profile. Static-pressure 
distribution along the top centerline of both the cowl and centerbody w a s  also measured. 
The static tube locations along the cowl and centerbody a r e  presented in table 11. 
lute pressure transducers were mounted in rotating rakes. These rakes were cantile- 
vered from the centerbody in both the top and lower left duct segments. An assumption 
was made that the pressures in the lower left segment were similar to the pressures in 
the lower right segment. The total-pressure transducer was mounted tangential to the 
tube to.protect the transducer diaphragm from particle damage. The 0.75-inch (1.905 
cm) tube length was necessary to obtain an accurate total pressure but still was short 
enough to yield a flat response to at least 1000 hertz. The output signals of the rotating 
rake transducers were filtered by first-order, low-pass filters with a 1000-hertz corner 
frequency and measured with true r m s  meters. Further details of the response charac- 
terist ics of the transducer-tube apparatus a r e  given in reference 8. 
rotating rake positions shown in figure 6(d). 
In order to measure the fluctuating component of total pressure, subminiature abso- 
At each steady-state operating condition, dynamic data were recorded at the four 
The average value of the 16 r m s  measure- 
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ments of the fluctuating component of total pressure in each segment was ratioed to the 
average steady-state recovery pressure. The final average value was obtained by add- 
ing one-third of the top segment value to two-thirds of the lower left segment value. 
This final average value is defined as the dynamic distortion level for that particular 
operating condition. 
RESULTS AND DISCUSSION 
The results of this investigation are discussed in two parts: first, the effect of 
performance-bleed quantity and location on inlet performance; and second, the overall 
inlet performance characteristics with operating bypasses. 
Performance B I eed 
The effect of the various bleed configurations on peak inlet performance with varia- 
tion of the cowl-lip-position parameter O L  is shown in figure 7. All three configura- 
tions show little variation in peak total-pressure recovery as centerbody position is 
changed, with the M-2 configuration being least sensitive. As expected, configuration 
M-1 (with twice the porous cowl a rea  of the other configurations) shows almost twice 
the amount of bleed mass flow over the range of cowl-lip-position parameter values. 
An increase in the steady-state distortion was observed when the performance bleed 
a rea  of configuration M-1 was reduced to that of configuration M-2. A combination of 
relocating the forward cowl bleed and adding vortex generators on the centerbody, as in 
configuration M-3CB, reduced the distortion significantly. 
The cowl-lip-position parameter for configuration M-1 is 25.14' (capture mass-flow 
ratio of 1. 00), and for configurations M-2 and M-3CB is 25.00' (capture mass-flow 
ratio of 0.995). These positions correspond to the highest recovery points of figure 7. 
The supercritical bleed mass flow for configuration M-1 was about 0.054, while that of 
configurations M-2 and M-3CB was about 0.032.  In spite of the reduced bleed for don- 
figuration M-2, the pressure recovery at critical inlet operation (terminal shock at % 
geometrical throat) was the same value of 0.879 as for configuration M-1. The unugual 
shape of the distortion curve can be correlated with supersonic flow distortion at super- 
critical shock positions. However, at critical operation the distortion of 0.185 was also 
unchanged by changing the bleed from configuration M- 1 to M-2. The high level of dis- 
tortion at critical operation was probably a result of improper control of the flow-field 
focal point on the centerbody. This results in distorted supersonic flow in the throat 
The overall performance of the three inlet configurations is presented in figure 8. 
7 
and contributes to the compressor-face distortion for critical and supercritical condi- 
tions. This is shown later in figure 11. Use of vortex generators on the centerbody 
(configuration M-3CB) substantially reduced the distortion level to 0. 130 at critical inlet 
operation. A slight increase in pressure recovery to 0.884 was also observed for con- 
figuration M-3CB for this operating condition. 
for  .configuration M-1 was about 4 .6  percent in terms of engine-corrected airflow 
(fig. 8(a)). Configurations M-2 and M-3CB show only about 1.5-percent subcritical 
operating range. The larger stable range of configuration M-1 was due primarily to the 
larger bleed capacity on the cowl surface. 
shown in figure 9. The supercritical bleed flows for configurations M-2 and M-3CB 
are identical on the cowl and centerbody. Configuration M-3CB shows slightly larger 
cowl bleed flows at the peak conditions. 
The variation in bleed plenum pressure recovery in the cowl and centerbody with 
bleed mass flow is shown in figure 10. The exit area was large enough to maintain the 
bleed holes in a choked condition. 
Local total-pressure profiles at various stations in the diffuser a r e  presented in 
figure 11 for both peak and critical operation. At peak operating conditions, the cowl 
boundary layer at station 2 was well behaved. This profile was the same for critical 
inlet operation. The total-pressure profiles on the centerbody at the throat region show 
that for configuration M- 1, the focused isentropic compression coalesces with the cowl 
shock above the centerbody, but ahead of the bleed lip, for both peak and critical opera- 
tion (see fig. 3). For  the O L  position 25.00' the cowl shock crosses the throat rake for 
configurations M-2 and M-3CB. This is shown by the lower pressure measured at a 
throat height ratio of about 0 . 1 0 .  As explained earlier in the section APPARATUS AND 
PROCEDURE, due to  a computer program er ror ,  the design did not meet the require- 
ment for cowl shock impingement and cancellation at the spike shoulder. 
cowl bleed of configuration M- 1 completely removed the boundary layer. For  critical 
operation, little variation of the pressure profile near the cowl surface is shown for all 
threeaconfigurations. At the throat exit for peak conditions (fig. ll(a)), a good total- 
pressure profile is evident except at the centerbody. At critical conditions (fig. 11(b)), 
the throat profile is somewhat distorted for configurations M-2 and M-SCB, showing the 
effect of throat supersonic flow distortion. 
The results of improper control of the flow on the centerbody a r e  clearly shown in 
the throat exit profiles and all the way downstream to the compressor face. The effect 
of vortex generators on the centerbody flow of configuration M-3CB for peak and critical 
operation is clearly seen at the mid-diffuser and compressor-face rake stations. 
The subcritical operating range between critical and peak performance conditions 
Variation of the cowl and centerbody bleed flows with overall pressure recovery is 
At the throat exit station, the total-pressure profiles near the cowl show that the 
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The cowl and centerbody static-pressure distributions for all three configurations 
a r e  presented for critical operation in figure 12 and for peak operation in figure 13. At 
critical inlet operation, the static-pressure profiles a r e  nearly equal for all three con- 
figurations (fig. 12). At peak inlet operation, the terminal shock for configuration M-1 
approaches a plane wave at the edge of the centerbody bleed slot. The large bleed on 
the cowl and centerbody a re  responsible for this condition. With the reduced bleeds of 
configurations M-2 and M-3CB the terminal shock does not attain this forward position. 
The inlet performance through an angle-of-attack range is presented in figure 14.' 
The following procedure was used to obtain the angle-of-attack data. For maximum . 
angle of attack at critical inlet operation: (1) the inlet was se t  at critical for 0' angle of 
attack; and (2) the model angle of attack was increased until an unstart occurred. Data 
were recorded for an angle slightly less than the unstart angle of attack. 
For maximum angle of attack at supercritical inlet operation: (1) the inlet mass- 
flow plug was fully retracted, (2) the model angle of attack was increased until an un- 
start occurred, (3) the inlet was restarted and the model angle of attack was set  slightly 
less than the unstart angle, (4) the mass-flow plug was then closed until the inlet un- 
started, (5) after the inlet was restarted, the plug was relocated near the position caus- 
ing unstart. This data point is defined as the peak recovery at that condition. At the 
angles of attack less than maximum, just the peak pressure recovery condition was de- 
termined. All data presented in figure 14 are for these peak pressure recovery condi- 
tions. 
In general, large angle-of-attack variation was exhibited by all three inlet configu- 
rations. A maximum angle of attack of 9.4' was obtained by configuration M-1 before 
the inlet unstarted. Configurations M-2 and M-3CB showed maximum angles of attack 
of about 8.5'. The maximum angles of attack obtained when the inlet is at critical op- 
eration are indicated by the flagged symbols on figure 14. Configuration M-1 shows 
6.4' angle of attack, while configuration M-2 has  4. lo and configuration M-3CB has 
4.8' angle-of-attack capability for critical inlet operation. 
Configuration M-2 exhibits the largest distortion of about 0 . 1 9  at 4' angle of attack, 
while configurations M-1 and M-3CB show only about 0.16 .  Rapid increases in distor- 
tion levels a re  observed for all three configurations for angles of attack greater than 5'. 
The effect of angle of attack on compressor-face, total-pressure profiles for the 
three inlet configurations is shown in figure 15. The inlet operating conditions pre- : 
sented are (1) critical inlet operation at 0' angle of attack, (2) maximum angle of attack 
for critical inlet operation, and (3) peak recovery at maximum angle of attack for super- 
critical operation before an inlet unstart. All configurations show deterioration of the 
compressor-face flow at rakes 1, 2, 3, and 4 as the angle of attack is increased. At 
All three configurations show a slight increase in the distortion level to about 4'. 
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the high angles of attack the inlet flow is washed around the centerbody, resulting in 
high energy flow into the top segment of the duct. 
Figure 16 shows the static-pressure distributions for angle-of-attack operation of 
the three inlet configurations. 
Schlieren photographs of the shock patterns of the inlet at the various angles of 
attack a r e  shown in figure 17. Figure 17(a) shows the highest angle of attack, 9.4', 
obtained with configuration M-1. Figures 17 (b) to (e) present the shock patterns at the 
various angles of attack for configuration M-3CB. 
Limited data were taken at a reduced free-stream Mach number of 2.4. The data 
showed that for configuration M-3CB, the inlet remained started at the cowl-lip-position 
parameter of 25.00'. This would indicate an inlet Mach number tolerance of at least 
0.10. 
* 
In le t  Operation With Bypass Flow 
All the data presented in this section were taken with the overboard and ejector 
bypass systems operating. The bypass system is the same as in reference 3. 
Reference 3 shows that the total-pressure profiles on the cowl were improved when 
the inlet bypass systems were operating. Therefore, an effort was made in the present 
study to further reduce the bleed mass flow by relying on vortex generators (on the cowl 
and centerbody) and on bypass flow to help maintain reasonable distortions. The over- 
all inlet performance with vortex generators (configuration M- 4CCB) and without vortex 
generators (configuration M-4) was determined and the results a r e  presented in fig- 
ure  18. The inlet performance of configuration M-4 is shown in figure 18(a). At the 
critical operating condition the pressure recovery was 0.890 with steady-state distortion 
of 0.157. The peak pressure recovery obtained for this configuration was 0.900. The 
dynamic distortion near critical operation indicates reasonable values, even at angle of 
attack. However, the steady-state distortions appear high enough to possibly prevent 
stable engine operation. 
The inlet performance of configuration M-4CCB is shown in figure 18(b). A peak 
pressure recovery of 0.915 with 0.063 distortion was obtained with this configuration. 
At oritical inlet operation (presumed to be the engine match condition with W G / S  = 
35.5 lb/sec o r  16.1 kg/sec), the pressure recovery was 0.885 with 0.033 bleed mass 
flow ratio. The steady-state distortion at the match point was about 0.045 and remained 
below a value of 0.125 for  a large part of the inlet operating range. The capture mass- 
flow ratio was 0.995 and the supercritical bleed mass-flow ratio was 0.025 for this con- 
figuration. Bypass air accounted for the remainder of the capture mass flow. The 
effect of vortex generators in minimizing the dynamic distortion is shown in figure 18(b). 
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The value of dynamic distortion remained below 0 . 0 4  for all inlet operating conditions 
even at high angle-of-attack operation. The maximum angle of attack for critical inlet 
operation was 4.5' with a recovery of 0.865 and a steady-state distortion of 0.145.  The 
maximum angle of attack for supercritical operation before inlet unstart was 8.2' with 
a steady-state distortion of 0 . 2 6  at peak recovery. As stated earlier the dynamic dis- 
tortion at all angles of attack remained below 0.04 ,  and at 4.5' angle of attack the level 
was about 0.01. 
presented in figures 19 and 20. Static-pressure distributions for the various engine- 
corrected airflows a re  presented in figure 19. Distributions for operation along the 
match-corrected airflow line (with bypass door variation) a r e  presented in figure 20. 
The effect of vortex generators on the compressor-face, total-pressure profiles 
is shown in figure 21 by comparing data from configuration M-4 without generators to 
data from configuration M-4CCB with generators. At 0' angle of attack and critical 
inlet operation (fig. 21 (a)), the vortex generators nearly eliminated the distortion with- 
out decreasing overall total-pressure recovery. These data show effects similar to 
those described in reference 9. The profiles for maximum angle of attack with critical 
inlet operation a r e  shown in figure 21(b). The maximum angle of attack for critical 
operation was slightly greater when vortex generators were used. With the vortex gen- 
erators,  the distortion was significantly reduced, with very little sacrifice in overall 
total-pressure recovery. In the upper section of the duct (rakes 5, 6, and 7),  the vor- 
tex generators provided more improvement in distortion characteristics than in the 
lower segments. At the maximum angle of attack for supercritical operation and peak 
recovery (fig. 21(c)),  a significant difference between the flow in the upper section of 
the duct (rakes 5, 6, and 7)  and that in the lower sections is evident from the total- 
pressure profiles. At this condition a sacrifice in total-pressure recovery was observed 
with the improved distortion. At the high angles of attack, the flow in the upper section 
of the duct has a compression and expansion region before the final terminal shock, 
similar to profiles shown in figure 16. The vortex generators a r e  located in the expan- 
sion region. This would suggest that the vortex generators in the upper section of the 
duct are in supersonic flow which causes a larger drop in pressure recovery. 
configuration had vortex generators installed only on the centerbody. In this case an 
engine-corrected airflow of 3 4 . 5  pounds per second (15.65 kg/sec) was  used as a match 
condition for the inlet. The inlet pressure recovery at this match condition was 0.903 
with a bleed mass-flow ratio of 0.041 and corresponding steady-state distortion of 0.102.  
Bypass air accounted for the remainder of the capture mass flow. At the minimum 
stable or  peak inlet operating condition, the recovery was 0.912 and the steady-state 
distortion was 0.113.  This condition provided a stability range of 3. 4 percent in terms 
The cowl and centerbody static-pressure distributions along the top centerline a re  
The overall performance of inlet configuration M-3CB is shown in figure 22. This 
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of engine-corrected airflow for this inlet. Increasing supercritical operation from the 
match condition resulted in a rapid increase of the steady-state distortion level. Super- 
critical operation to pressure recoveries of about 0.82 with the overboard bypass sys- 
tem resulted in higher distortion levels than when the engine airflow was varied. The 
dynamic distortion levels were less than 0.03 for as much as 10-percent supercritical 
operation. 
The maximum angle of attack for critical inlet operation was 4.36'. The pressure 
recovery at this condition was 0.875 with a steady-state distortion level of 0.17. The 
maximum unstart angle of attack for supercritical operation was 8.88'. However, the 
steady-state distortion at this condition was very high at 0.42. In spite of the high 
steady-state distortions at angle of attack, the dynamic distortions remained at an 
acceptable level. 
The solid circular symbol on figure 22 denotes an inlet unstarted but stable operat- 
ing condition. If, during operation at the match condition, some perturbation should 
unstart the inlet, a stable inlet operation will occur without bypass or  centerbody move- 
ment. The pressure recovery at this condition was 0 .775  with a steady-state distortion 
level of 0.125. No dynamic distortion data were obtained for this unstarted condition. 
A schlieren photograph showing the shock pattern for the unstarted but stable con- 
dition is shown in figure 23. This shows a third oblique shock from a centerbody bound- 
a r y  layer separation and the terminal shock, which combine with the two cone shocks to 
give good recovery. 
Diffuser static-pressure distributions for various engine-corrected airflows are 
presented in figure 24. Diffuser static-pressure distributions for various bypass door 
settings at constant engine-corrected airflow a re  presented in figure 25. The position 
of the terminal shock in the throat region appears to move discontinuously through the 
throat region with small  changes in diffuser backpressure. In order to provide more 
control of the terminal shock in the throat region, more bleed, judiciously located, 
would be needed, as in reference 3 .  
pass flow is presented in figure 26. At 0' and 4.36' angle-of-attack operation, the pro- 
files are nearly the same except at the number 2 and number 3 rake positions in the 
lower part of the duct. At the higher angle of attack, 8.88', large separated regions a re  
observed in the lower two sections of the inlet duct. 
The effect of angle of attack on compressor-face, total-pressure profiles with by- 
Performance During Restart Cycle 
Overall inlet pressure recovery and distortion during the restar t  cycle at a Mach 
number of 2.50 a re  shown in figure 27. Since the centerbody could not be collapsed to 
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restart the inlet, the centerbody was translated during the restart cycle. The data of 
figure 27 are plotted against the combined engine and overboard bypass mass flow. 
These data (other than started conditions at design e,) were obtained by varying the 
bypass with the exit plug se t  for engine-match airflow. The inlet was unstarted at the 
design spike setting by closing the overboard bypass doors. Immediately after unstart 
the external shock structure was unstable but could be stabilized by opening the over- 
board bypass doors. The minimum stable condition occurred at the same bypass door 
setting as for critical operation. This would indicate that no instability would persist 
i f  for some reason the inlet unstarted while at critical operation or at an engine- 
corrected airflow of 34.5 pounds per second (15.65 kg/sec). The minimum stable un- 
started pressure recovery at design spike setting was 0.77 and remained within 1 per- 
cent of this value as the spike was extended to the restar t  position. Total-pressure 
distortions at these conditions varied between values of 0.11 and 0.14. Minimum stable 
started total-pressure recovery increased from 0.79 immediately after restar t  to 0.915 
at the design spike position. Total-pressure distortions for these conditions also varied 
between values of 0.11 and 0.14. Cowl and centerbody static-pressure distributions 
corresponding to the data of figure 27 are presented in figures 28 and 29, respectively. 
These data, along with spike position, can provide representative pressure signals for 
bypass door position control during a restar t  cycle. With such a control, it should be 
possible to minimize the distortion and to maximize the pressure recovery during a re- 
start cycle. In actual application to an aircraft, some combination of collapsing and 
translating the centerbody may be desirable to restart the inlet. The diffuser pres- 
sures  then would differ from those shown. 
Experimental and Predicted Restart A rea Ratios 
In a variable-geometry, mixed-compression inlet, the initial start or any restarts 
of supersonic flow in the inlet are usually accomplished by increasing the ratio of the 
throat area to the entering flow area.  Mixed-compression inlets have been found to 
res tar t  with less throat area than would be predicted from a one-dimensional flow analy- 
sis assuming uniform flow in front of a normal shock at the cowl lip. Reference 10 
suggests a prediction technique based on measurements of flow separation within the 
unstarted flow field just before res ta r t  to determine the necessary contraction ratio to 
restart the inlet. Data for a Mach 3.0 inlet from reference 10, which was used to de- 
velop the prediction technique, a r e  presented in figure 30. As shown, the inlet res tar ts  
well below normal shock values. Data a re  also presented for the actual and predicted 
restart contraction ratios for the present inlet and also for the inlet of reference 3. The 
inlet of reference 3 was designed for Mach 2.5 and employed 60-percent internal con- 
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traction. As shown, the predicted and actual contraction ratios for  the present inlet and 
the inlet of reference 3 were similar. However, because of the increased amount of 
internal contraction for the inlet of reference 3, it required more spike translation than 
the present inlet (6 in. (15 cm) compared to 2 in. (5cm)) to obtain the contraction ratio 
needed for restart .  
SUMMARY OF RESULTS 
An investigation was conducted to determine the performance characteristics of an 
axisymmetric, bicone, mixed-compression inlet system designed for Mach 2 . 5  opera- 
tion. Forty percent of the supersonic a rea  contraction occurred internally. The in- 
ternal compression was accomplished by the cowl-lip oblique shock and isentropic com- 
pression from the cowl, which were focused on the centerbody. 
Data were obtained at a free-stream Mach number of 2 . 5  and Reynolds number of 
2.5X10 per foot (8.2X10 /m). 
bleed configurations at (1) 0' angle of attack, (2) maximum angle of attack for critical 
inlet operation, and (3) maximum angle of attack before an inlet unstart occurred (super- 
critical operation). The following results were obtained: 
1. Without the bypass system and with a supercritical performance bleed ratio of 
0.032,  a pressure recovery of 0.884 was attained at critical inlet operation. The dis- 
tortion was about 0.185 but could be decreased to 0.135 with vortex generators on the 
centerbody. The maximum angle of attack before inlet unstart was 8.5' for supercriti- 
cal operation and 4.8' for critical inlet operation. Higher angles (9.4') could be ob- 
tained by increasing the supercritical bleed flow. 
pressure recovery was increased to 0.903 and the distortion level was decreased to 
about 0 . 1 0 .  Dynamic distortion levels were 0.02  at critical operation and less than 0.03  
even during supercritical operation. The maximum angle of attack at critical operation 
was 4.36' and the maximum angle before inlet unstart was 8.88'. 
bypass system produced the following results: With vortex generators on the cowl and 
centerbody, the critical pressure recovery was 0.885 with a low distortion level of 
0.045.  Supercritical bleed mass-flow ratio was 0.025.  Without vortex generators the 
critical pressure recovery stayed the same, but the distortion level increased to about 
0.15 .  The maximum angle of attack at critical inlet operation was reduced from 4.5' 
to 4.0' when the vortex generators were eliminated. 
6 6 Performance characteristics were obtained for various 
2 .  With centerbody vortex generators and an operating bypass system, the critical 
3. Further reduction of the performance bleed on the cowl and utilizing the inlet 
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4. During the inlet restart cycle, with inlet operation in the unstarted mode, the 
peak pressure recovery w a s  about 0.78 over the range of cowl-lip-position param- 
eters, and the distortion level varied between 0.10 and 0.14. 
Lewis Research Center, 
National Aeronautics and Space Administration, 
Cleveland, Ohio, January 20, 1971, 
720-03. 
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TABLE I. - INLET COORDINATES 
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1.0000 
1.0028 
1.0073 
1.0113 
1.0148 
1.0171 
1.0181 
1.0181 
1.0165 
1.0134 
1.0095 
1.0056 
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.9982 
.9971 
.9952 
.9935 
.9920 
.9906 
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.9880 
.9870 
.9857 
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.9820 
.9791 
.9755 
.9706 
.9654 
.9605 
(a) Centerbody. 
5.200 
5.250 
5.300 
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1.0323 I 0.1820 
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.7065 
.6956 
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.5750 
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r /R 
I. 9559 
.9514 
.9470 
.9426 
.9384 
. 9343 
.9302 
.9264 
,9226 
.9190 
.9157 
.9126 
.9100 
.9075 
.9057 
.9046 
.9044 
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.9131 
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TABLE 11. - STATIC-PRESSURE- 
TAP LOCATIONS 
Cowl s ta t ics  
.op centerline), 
x/R 
2.252 
2.305 
2.359 
2.413 
2.466 
2.520 
2.574 
2.627 
2.681 
2.748 
2.802 
2.856 
2.909 
2.936 
2.976 
3.030 
3.070 
3.111 
3.151 
3.218 
3 .304  
3.433 
3.809 
3.970 
4.131 
4.583 
4.884 
5.475 
6.280 
6.666 
Centerbody s ta t ics  
(top centerline), 
x/R 
0.752 
.859 
.899  
.967 
1.074 
1 .181  
1.289 
1.503 
1.665 
1.879 
2.094 
2.309 
2.470 
2.604 
2.671 
2.687 
2.792 
2.859 
2.913 
2.940 
2.980 
3.034 
3.074 
3.114 
3.155 
3.249 
3.329 
3.396 
3.463 
3.732 
3.866 
3.973 
4.583 
6.666 
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(a) Model installed i n  10- bv IO-foot Suoersonic Wind Tunnel. 
..-- 
I
CD-10883-01 
lb) Isometric view of model. 
M 
Mt= l  3 
10" 18.5' 
I C )  Sketch of mwel 
Figure 1. - Focused-compression inlet 
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,- Compression fan region 
(a) Original  design position; Ol=25. 28'. 
,, ,- Compression fan region 
(b) Centerbody translated position; 02=24.85". 
Figure 3. - Comparison of in le t  contour w i th  characteristic solution, at different values 
of cowl-lip-position parameter 82. 
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lbl Vortex generator design. 
Figure 4. - Diffuser details. Dimensions in Inches kentimetersl. 
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Centerbody slot bleed 
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Figure 5. - Performance bleed configuration. 
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Figure 6. - Pressure instrumentation. A l l  dimensions in inches (cm). 
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(d) Compressor-face dynamic instrumentation. 
Figure 6. - Concluded. 
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Figure 9. -Var ia t ion of bleed flow wi th  overall in le t  recovery. Angle of 
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Figure 10. - Variat ion o f  bleed-exit pressure recovery wi th  bleed mass 
flow. Angle of attack, 8. 
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Figure 11. - Effect of bleed location o n  dif fuser performance. Angle of attack, @. 
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F i y r e  11. - Concluded. 
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Figure 12. - Diffuser static-pressure distr ibutions for c r i t i ca l  in le t  operation. 
Angle of attack, 8. 
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Figure 13. - Diffuser static-pressure distr ibutions for peak in le t  operation. 
Angle of attack, @. 
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Figure 14. - In le t  performance at angle o f  attack. 
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Figure 15. - Effect of angle of attack o n  compressor-face performance, fo r  dif ferent cowl-lip-position parameters el 
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Figure 15. - Continued. 
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(c l  Configuration M-3CB. e l  = 25.000. 
Figure 15. - Concluded. 
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(bl  Configuration M-1. centerbody. Cowl-lip-position parameter, 25. 14'. 
Figure 16. - Diffuser static-pressure distr ibutions for angle-of-attack operation. 
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F i g r e  16. - Coniinued. 
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F igure 16. - Concluded. 
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~~ 
(a) Configuration M-1; a - 9.4"; I+ - 25.14". 
(b)  Configuration M-3CB; a - 8.6": 
of attack a and cowl-lip-position parameters €I1. 
- 25.00'. 
Figure 17. - Shock patterns of focused-compresssion in let  at various angles 
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(c) Configuration M-3CB; a 6.0"; 6[ = 25.00' 
~~ 
(d) Conf igurat ion M-3 8; a - 4.0"; 
Figure 17. - Continued. 
= 25.00". 
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(e) Configuration M-3CB; a = 0'; 91 = 25.00'. 
Figure 17. - Concluded. 
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Ibl Vortex generators o n  cowl and centerbody, configuration M-4CCB. 
Figure 18. -Overa l l  performance of in let  configurations M - 4  and M-4CCB. Cowl-l ip- 
position parameter, 2 5 . 0 8 ;  ejector area to capture area, 0.0103; engine-corrected 
airflow, 35.5 pounds per second (16.1 kg/sec). 
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Figure 19. - Diffuser static-pressure distr ibutions for various engine-corrected 
airflows. Configuration M-4CCB; angle o f  attack 8; cowl-lip-position param- 
eter, 25 .08 .  
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(b) Centerbody. 
Figure 20. - Diffuser static-pressure distr ibutions for various bypass door set- 
tings. Configuration M-4CCB; angle of attack, 8; cowl -lip-position 
parameter, 25.000. 
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(a1 Crit ical operation. 
Figure 21. -Effect of vortex generators o n  angle-of-attack performance. Cowl-lip-parameter, 25. 000. 
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(b-71 Rake 6. 
(b-61 Rake 7. (b-31 Rake 3. 
Local total -pressure recovery, P5/P0 
(b-41 Rake 4. (b-51 Rake 5. 
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F igure 2 1  - Continued. 
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F igure 21. - Concludcd. 
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W 8.88' Maximum angle o f  attack 
(peak recovery) 
0 In le t  unstarted b u t  operation 
stable 
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Figure 22. -Overa l l  performance of in le t  configuration M-3CB wi th  bypass flow. Cowl-lip-position 
parameter, 25.0@; ejector area to capture area, 0.0103; engine-corrected airflow, M. 5 pounds 
per  second (15.65 kg/sec). 
Figure 23. - i n l e t  unstarted b u t  stable operation. Configuration M-3CB; 
angle of attack, 0"; cowl-lip-position parameter, 25.00". 
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Figure 24. - Diffuser static-pressure distr ibutions for various engine-corrected 
angle of attack, 8; cowl-lip-position parameter, 25.000. 
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Figure 25. - Diffuser static-pressure distr ibutions for various bypass door settings. Configuration M - E B ;  
angle of attack, 8; cowl-lip-position parameter, 25. e. 
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Figure 26. - Effect of angle of attack o n  compressor-face performance wi th  bypass flow. Configuration M3CB; cowl-lip- 
posit ion parameter, 25.000. 
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Figure 27. - In le t  performance du r ing  restart cycle at Mach 2.50. In le t  configuration M-3CB; angle of attack, 00; 
various values of cowl-lip-position parameter e l .  
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Figure 28. - Internal cowl-surface, static-pressure distr ibutions du r ing  in le t  restart sequence. Configuration M-3CB. 
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F icure 2% - Continutd. 
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Figure 28. - Concluded. 
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Figure 29. - Centerbody surface static-pressure distr ibutions du r ing  in le t  restart sequence. Configuration M-3CB 
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Figure 29. - Concluded. 
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Figure 30. - Comparison of actual to predicted restart area ratio. 
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